In an earlier study we showed that C10ORF97 (chromosome-10, open reading frame-97) was expressed in almost all of the tissues and cell lines tested, and that it inhibited the growth of seven tumor cell lines, including two lung carcinoma cell lines (A549 and PG). Here, we show that C10ORF97 is downregulated in non-small-cell lung cancer (NSCLC) tissue compared with normal lung tissue. Overexpression of C10ORF97 significantly suppressed human lung carcinoma A549 cell growth (proliferation and anchorage-independent growth in soft agar) and motility (migration and adhesion). This tumor-suppressive function of C10ORF97 was also verified in vivo. We further found that C10ORF97 caused G 1 arrest of A549 cells and modulated the expression level of several cell-cycle regulators (such as CDK2, cyclin-E and p27). These effects of C10ORF97 were mediated by physical association between C10ORF97 and Jun-activating domain-binding protein-1 (JAB1), and blocking of JAB1-mediated translocation of p27 from the nucleus to the cytoplasm. Together, these results indicated that C10ORF97 functions as a novel tumor suppressor by modulating several key G 1 /S-regulatory proteins by interacting with JAB1. These findings led us to hypothesize that a single-nucleotide polymorphism (SNP) in the C10ORF97 gene that affects its expression might be associated with susceptibility to NSCLC. SNP216 C4T (rs2297882) in the C10ORF97 Kozak sequence was identified, and allele T of SNP216 suppressed C10ORF97 expression in vitro and in vivo. Furthermore, the TT genotype of SNP216 was associated with an increased risk of NSCLC (adjusted odds ratio ¼ 1.73 (95% confidence interval: 1.33-2.25), P ¼ 4.6 Â 10 -5
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Evasion of apoptosis and the ability to proliferate uncontrollably are two of the molecular traits found in most, if not all, human cancers (Hanahan and Weinberg, 2000) . Loss of cell-cycle control has been implicated in tumor development and proliferation. Cell-cycle progression is regulated by cyclins, cyclindependent kinases (CDKs) and CDK inhibitors (CDKIs) (Bloom and Cross, 2007; Malumbres and Barbacid, 2007) . p27, a member of the Kip family of CDKIs, inhibits G 1 /S cell-cycle progression by inactivating cyclin-E and cyclin-A-CDK2 complexes (Sheer and Roberts, 1999) . Decreased expression of p27 and increased levels of cyclin-E occur and are associated with a poor prognosis in a wide spectrum of cancers (Esposito et al., 1997; Catzavelos et al., 1999; Tsukamoto et al., 2001) . The sub-cellular localization as well as the expression levels of p27 protein have an important role in cancer progression (Slingerland and Pagano, 2000; Viglietto et al., 2002; Wu et al., 2006) . Jun activation domain-binding protein (JAB1), a coactivator of activator proteins (AP-1), interacts with c-jun and promotes cell growth (Claret et al., 1996) . It was also shown that JAB1 can shuttle p27 from the nucleus to the cytoplasm and accelerate the degradation of p27 through the ubiquitin/proteasome pathway (Tomoda et al., 1999) . Many studies have reported that JAB1 is overexpressed in different types of cancers. The overexpression of JAB1 is inversely associated with p27 levels and correlates with poor prognosis (Kouvaraki et al., 2003; Shintani et al., 2003; Osoegawa et al., 2006) .
C10ORF97 (chromosome-10, open reading frame-97), localized on chromosome-10p13, is a novel gene cloned in our laboratory (Liu et al., 2002) . We found that stable transfection of C10ORF97 can inhibit cell proliferation significantly in seven tumor cell lines, including two lung cancer cell lines (A549 and PG), and overexpression of C10ORF97 can induce human lung carcinoma A549 cell apoptosis (Liu et al., 2002) . These data led us to hypothesize that C10ORF97 could suppress the progression of NSCLC and that elucidating the role of this novel gene (C10ORF97) in NSCLC could be useful in developing individual molecular therapeutic strategies.
Results

C10ORF97 expression was downregulated in NSCLC tissues
To examine the expression of C10ORF97 in lung cancer tissue, the microarray, Cancer Profiling Array-I, was used to compare C10ORF97 expression between matched normal tissue samples and tumor tissue samples. Upregulation was defined as C10ORF97 expression levels that were 1.5-fold higher in tumor tissues than in normal tissues, and downregulation was defined as expression levels that were 0.7-fold lower in tumor tissues than in normal tissues. Using these criteria, we found that the C10ORF97 gene was downregulated in 57% (12/21) of the lung cancer tissues and upregulated in 14% (3/21) of these tissue samples ( Figure 1a) . These results were verified in 420 NSCLC clinical samples using the tissue microarray. The intensity of C10ORF97 staining was scored on a gray scale as low (1 þ ), moderate (2 þ ) and high (3 þ ) (Figure 1b ). Low C10ORF97 staining intensity was identified in 51.7% (217/420) of the NSCLC samples and 9% (19/210) of the normal lung samples. By contrast, only 5.2% (22/420) of the NSCLC samples and 40.5% (85/210) of the normal lung samples showed high staining intensity of C10ORF97 (Table 1) . These results indicated that C10ORF97 might be a tumor suppressor, at least in NSCLC.
C10ORF97 inhibited A549 cell growth and motility in vitro To test the hypothesis that C10ORF97 functions as a tumor-suppressor gene, overexpression (using adenoviral Figure 1 The expression of C10ORF97 was downregulated in NSCLC tissues. (a) Expression of C10ORF97 in matched normal lung tissues (N) versus lung tumor tissues (T). These data were quantified using the PhosphorImager and ImageQuant softwares. Twelve of the 21 lung tissue samples (57%) showed a decrease in C10ORF97 expression in the tumor tissue versus the expression in the matched normal tissue. (b) C10ORF97 expression was assessed using a human tissue microarray of NSCLC tissue obtained from Cybrdi (Xi'an, Shanxi, China). The array contained 730 dots in total, 420 of which represented diseased tissue. The intensity of C10ORF97 staining was graded on a gray scale as low (1 þ ), moderate (2 þ ) or high (3 þ ) ( Â 200). As shown in Table 1 , C10ORF97 was downregulated in 51.7% of the NSCLC tissues. C10ORF97, chromosome-10, open reading frame-97; NSCLC, non-small-cell lung cancer.
C10ORF97, a novel tumor-suppressor gene Y Shi et al (Ad) vector) or knockdown (by short interfering RNA (siRNA)) of C10ORF97 was performed in the human lung cancer A549 cell line, and cell proliferation, clonogenicity in soft agar, and cell adhesion and motility were evaluated. The results are shown in Figure 2 . Ad-C10ORF97 markedly suppressed A549 cell proliferation to 60% on day 5 and 32% on day 7 as compared with the controls (Po0.0001), and siRNA-C10ORF97 slightly promoted A549 cell proliferation by 45% on day 5 and 52% on day 7 compared with the controls.
To determine whether C10ORF97 inhibits the clonogenicity of A549 cells in soft agar, we pretreated A549 cells with Ad-C10ORF97 (multiplicity of infection (MOI) ¼ 10-20), control vector Ad-GFP (MOI ¼ 10-20) or phosphate-buffered saline (PBS) alone, and tested their ability to form colonies in soft agar (Figure 2b ). After 15 days we found that 380 (364) colonies were formed in the Ad-GFP (PBS) group, but only 210 colonies were formed in the Ad-C10ORF97 group (Po0.001). Our results showed that Ad-C10ORF97 suppressed the colony-forming ability of A549 cells compared with the control vector (Ad-GFP) and PBS.
Next, we tested whether C10ORF97 could inhibit A549 cell adhesion to the extracellular matrix. We found that overexpression of C10ORF97 inhibited A549 cell adhesion to 51% after 45 min compared with the controls (Po0.001), and knockdown of C10ORF97 stimulated A549 cell adhesion 1.87-fold (Po0.001; Figure 2c ).
We then examined the effects of C10ORF97 on A549 cell motility using transwell migration chambers. Cells transfected with Ad-C10ORF97 showed a decrease , and cells treated with PBS, empty adenovirus vector (Ad-GFP) or siRNA-negative control were used as controls. The viability of cells was determined by MTT staining on days 1, 3, 5 and 7 after cell plating. No significant differences were found between the control groups at day 7 (n ¼ 6, P ¼ 0.95 and 0.25, respectively).
(b) Ad-C10ORF97 suppressed the clonogenicity of A549 cells. Cells (1.5 Â 10 3 ) from each treatment were plated onto culture dishes containing soft agar medium and were cultured for 15 days. Colonies were observed using a microscope and counted. The Ad-C10ORF97 panel shows the number of colonies formed after A549 cells were infected with Ad-C10ORF97; the Ad-GFP and PBS panels show the number of colonies formed after Ad-GFP or PBS treatment. These data represent one of three independent experiments, and are the mean ± s.d.; **Po0.01. (c) C10ORF97 inhibits A549 cell migration. Cells from each treatment were trypsinized and seeded into the top chamber of the transwells. The cells were then allowed to migrate for 4-6 h through the transwell membranes. To quantitate migration, stained cells were counted in six fields from each of the three transwell filters per experiment. The data represent the mean ± s.d. of three independent experiments. (d) Overexpression of C10ORF97 inhibits A549 cell adhesion. Cells were seeded at a concentration of 1 Â 10 5 cells/well in serum-free media onto protein-coated surfaces containing matrigel and allowed to attach for 40-60 min at 37 1C. Non-adherent cells were removed and the MTT assay was performed to quantify the number of adhered cells. The experiments were performed in triplicate, and each data point represents n ¼ 6. Each bar represents the mean ± s.d. Ad-C10ORF97, recombinant C10ORF97 adenovirus; C10ORF97, chromosome-10, open reading frame-97; MOI, multiplicity of infection; NSCLC, non-small-cell lung cancer; PBS, phosphate-buffered saline; siRNA, short interfering RNA.
C10ORF97, a novel tumor-suppressor gene Y Shi et al in motility of 51% compared with the controls (Po0.01), and siRNA-C10ORF97 promoted A549 cell migration 2.32-fold (Po0.001; Figure 2d ).
C10ORF97 inhibited A549 cell-induced tumorigenicity and tumor growth in vivo To examine whether the observed inhibitory effects of Ad-C10ORF97 in vitro could be extended in vivo, we tested the tumorigenic potential of Ad-C10ORF97-transfected A549 cells in nude mice (Figure 3 ). We first infected A549 cells in vitro with Ad-C10ORF97 or Ad-GFP at an MOI of 20 and then subcutaneously injected the infected cells into the right flank of nude mice to assess their ability to inhibit tumor growth in vivo. As shown in Figure 3a , all of the animals injected with either untreated or Ad-GFP-transfected A549 cells began to develop tumors after day 7. Once tumors were established, they grew aggressively, ultimately reaching an average volume of about 1.7-2.7 cm 3 in mice that received injections of untreated cells and 0.9-2.1 cm 3 in mice that received injections of Ad-GFP, within 1 month after injection. By contrast, no tumors formed in mice injected with Ad-C10ORF97-transfected A549 cells within the same time period. These results showed that Ad-C10ORF97 inhibited the tumorigenicity of A549 cells in vivo.
To further evaluate the therapeutic effect of Ad-C10ORF97 on tumor growth, we investigated the ability of Ad-C10ORF97 to suppress tumor growth in vivo by intra-tumoral injection of high-titer recombinant C10ORF97 adenovirus in an A549 cell-induced tumor model in mice. The growth of tumors was recorded from the first injection until 1 month after the last injection ( Figure 3b ). The growth of all tumors was significantly suppressed in mice treated with Ad-C10ORF97 compared with tumors in PBS-treated and Ad-GFP-treated mice (Po0.001). At the end of these experiments, the tumors in the mice treated with Ad-C10ORF97 were, on average, only about one-tenth the size of the tumors in the mice treated with PBS alone or adenovirus vector alone.
C10ORF97 overexpression caused G 1 arrest in A549 cells
To further explore the tumor-suppressive pathway of C10ORF97, we tested the impact of C10ORF97 on cellcycle kinetics in vitro by flow cytometry (fluorescenceactivated cell sorting) analysis using propidium iodide staining ( Figure 4a ). A549 cells were treated with Ad-C10ORF97, Ad-GFP or PBS alone, and cells were harvested at different time points. As shown in Figures  4b and c, Ad-C10ORF97 infection resulted in a significant increase in the number of cells in G 1 phase and a decrease in the number of cells in S phase in A549 cells 5 days after infection. The number of cells in G 1 phase increased from 55% at day 1 to 72% at day 5 after infection in A549 cells, and the number of cells in S phase decreased from 36 to 17%. By contrast, no significant changes in the number of cells in G 1 or S phase were observed in cells treated with Ad-GFP or PBS. This observation indicated that Ad-C10ORF97 inhibits tumor cell growth through G 1 arrest.
C10ORF97 modulated the expression of several cell-cycle regulators To investigate more thoroughly the role of C10ORF97 in cancer progression, the Atlas human cancer array from Clontech (Clontech Laboratories Inc., Palo Alto, CA, USA) was used to identify gene expression profiles in response to overexpression of C10ORF97 in A549 cells. Overexpression of C10ORF97 downregulated cancer progression-related genes, including cell-cycleregulating kinases, cyclins and growth factors, whereas 6 cells per mouse) were injected into the right flank of female nude mice. When the tumors reached 5-10 mm in diameter at 10 days after tumor inoculation, the adenoviral vectors were administered as described under Materials and methods. The data represent the mean ± s.d. for seven mice from each treatment group. The differences between the tumor volumes of the Ad-C10ORF97-treated mice versus that of the Ad-GFP-treated mice or the PBS-treated controls were significant (Po0.001, respectively). Ad-C10ORF97, recombinant C10ORF97 adenovirus; C10ORF97, chromosome-10, open reading frame-97; PBS, phosphate-buffered saline.
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To investigate the molecular events associated with cell-cycle regulation, western blot analysis was performed to examine the effect of Ad-C10ORF97 on the expression of cell-cycle regulators that have been implicated in the control of G 1 /S transition. We analyzed the expression of cyclin-E, CDK2, p21, p27 and p53 ( Figure 5 ). As shown in Figure 5A , the level of cyclin-E protein decreased significantly after 48 h of Ad-C10ORF97 infection and a moderate decrease in the expression of CDK2 was also detected. We further found that the expression of p21 and p27 markedly elevated after infection with Ad-C10ORF97. A significant increase in the expression of p53 was also found. These results strongly supported an important role for C10ORF97 in cell-cycle progression.
C10ORF97 was associated with JAB1 in mammalian cells
To confirm the location of C10ORF97 in the cell signaling networks, a yeast two-hybrid system was used to screen for C10ORF97-interacting protein(s). We identified several types of clones that interacted specifically with C10ORF97. One of these clones contained a cDNA insert comprising almost the entire coding sequence (amino acids 36-335) of human JAB1, a coactivator of AP-1. To verify this result, co-immunoprecipitation experiments and immunofluorescence colocation assays were performed.
For the co-immunoprecipitation experiments, we amplified the full-length JAB1 coding sequence from a human heart cDNA library and constructed the plasmid pCMV-HA-JAB1. A549 cells were transfected with expression plasmids producing Myc-tagged C10ORF97 and HA-tagged JAB1 protein. Whole-cell extracts were also analyzed by western blotting. No Myc-tagged C10ORF97 protein was found in cells transfected with pCMV-Myc and pCMV-HA-JAB1, or in untransfected cells. Myc-tagged C10ORF97 protein was found in cells transfected with pCMV-Myc-C10ORF97 and pCMV-HA, or pCMV-Myc and pCMV-HA-JAB1, in the same quantity ( Figure 5B) . A lysate fraction of the transfected cells was immunoprecipitated by anti-hemagglutinin (HA) antibody and subjected to sodium dodecyl sulfate-PAGE. Immunoblotting with the anti-Myc antibody showed that C10ORF97 co-immunoprecipitated with JAB1 ( Figure 5B ).
A549 cells were transiently transfected with pCMV-HA-JAB1 and pCMV-Myc-C10ORF97, and treated as described under Materials and methods. As seen in Figure 5C , the C10ORF97 staining pattern (red) and the JAB1 staining pattern (green) largely overlapped (orange-yellow). These findings indicated that C10ORF97 forms a complex with JAB1. C10ORF97, a novel tumor-suppressor gene Y Shi et al C10ORF97 repressed AP-1 activity and enhanced p27 stability through interaction with JAB1 JAB1 was initially identified as a coactivator of c-Jun, a subunit of the COP9 signalosome. Our luciferase reporter assay showed that C10ORF97 inhibited JAB1-mediated AP-1 activation in a dose-dependent manner (Figure 6a ). These data indicated that C10ORF97 represses JAB1-induced AP-1 activity.
It is known that p27 stability is controlled by JAB1, which induces the translocation of p27 from the nucleus to the cytoplasm. When JAB1 cDNA was co-transfected into A549 cells with p27 cDNA, p27 protein expression was reduced (Figure 6c ). Additional transfection of C10ORF97 cDNA restored the JAB1-mediated suppression of p27 protein expression.
To understand the molecular mechanism of C10ORF97-mediated p27 stability, immunofluorescence microscopy was performed. As shown in Figure 6b , p27 was stably located in the nucleus (left panels) and expression of JAB1 induced translocation of p27 from the nucleus to the cytoplasm (central panels). However, C10ORF97 blocked the translocation of p27 to the cytoplasm (right panels). Taken together, these data indicated that the physical interaction between C10ORF97 and JAB1 may be the mechanism by which C10ORF97 increases p27 accumulation in the nucleus.
SNP216C4T was associated with C10ORF97 expression levels in NSCLC patients and the risk of NSCLC Taken together, our results indicated that C10ORF97 is a novel tumor-suppressor gene of NSCLC, leading us to hypothesize that the single-nucleotide polymorphism (SNP) in the C10ORF97 gene that affects its expression might be associated with susceptibility to NSCLC.
Using HapMap data, we identified SNP216C4T (rs2297882) located in the Kozak sequence of the C10ORF97 gene, an allele with replacement of cytosine (C) by thymine (T) at position À5 from the ATG start codon (Figure 7a ). At first, a PCR-ligase detection reaction assay was performed in a pilot study containing 100 individuals with NSCLC and 100 controls to determine the genotype frequency of rs2297882. A weak association was found between rs2297882 and NSCLC (data not shown).
We next investigated whether the À5C to T change in the Kozak sequence affected the translation efficiency of À5C and À5T cDNAs. An in vitro transcription/ translation assay was performed. We found that significantly less protein was produced from the À5T cDNA than from the À5C form (Figure 7b ), which strongly suggested that the polymorphism affected the efficiency of translation. Interaction of Myc-tagged C10ORF97 with HA-tagged JAB1. A co-immunoprecipitation assay was performed as described under Materials and methods. a: The total amount of plasmid transfected was kept constant by inclusion of the appropriate amount of empty expression vector in each mixture. Seventy-two hours after transfection, the cells were lysed and aliquots of the lysates were used to examine the expression of HA-JAB1 or Myc-C10ORF97. b: The rest of the lysates were immunoprecipitated with a polyclonal antibody to the HA epitope. The presence of Myc-C10ORF97 in the immunoprecipitates was examined using a monoclonal antibody to the Myc epitope. (C) C10ORF97 and JAB1 colocated in A549 cells. Transfection and immunofluorescence co-location, referred to the 'Materials and methods' in Supplementary Information. Immunofluorescence imaging was performed on A549 cells transiently transfected with pCMV-HA-JAB1 and pCMVMyc-C10ORF97. The location of C10ORF97 was investigated by staining for C10ORF97 (red) using an anti-Myc antibody, and for JAB1 (green) using an anti-HA antibody. The nucleus was stained with DAPI (blue). Merged images are shown, with the coincidence of red and green staining appearing as yellow/orange. Ad-C10ORF97, recombinant C10ORF97 adenovirus; C10ORF97, chromosome-10, open reading frame-97; DAPI, 4,6-diamidino-2-phenylindole; JAB1, Jun-activating domain-binding protein-1.
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To test whether the expression level of the C10ORF97 gene in tumor tissues was associated with SNP216, diseased tissues were acquired from 182 individuals and immunochemistry was performed on these specimens. The intensity of C10ORF97 staining was graded on a gray scale as low ( þ ), moderate (2 þ ) or high (3 þ ). A strong correlation was found between the C10ORF97 expression level and the SNP216 genotype (P ¼ 0.003) ( Table 2 ). This finding confirmed the results of the reporter assay.
The functional significance of this variant prompted us to validate the association between SNP216 and lung cancer in a larger case-controlled study. We randomly selected 418 Chinese NSCLC patients with histologically confirmed NSCLC and 743 age-and sex-matched ), after adjustment for age, sex and tobacco smoking, using unconditional logistic regression analysis, and the TT genotype resulted in a significantly increased risk of NSCLC (odds ratio ¼ 1.73, 95% confidence interval: 1.33-2.25, P ¼ 4.6 Â 10 -5
).
Discussion
The C10ORF97 gene was first cloned in our laboratory in 2000 and we reported the suppressive activity of C10ORF97 on tumor cell line growth in 2002 (Liu et al., 2002) . In the current study, we have shown that (a) C10ORF97 was downregulated in cancer tissues; (b) C10ORF97 functioned as a tumor suppressor both in vitro and in vivo; (c) C10ORF97 might achieve its tumor-suppressive function through inhibiting cyclin-E/ CDK2 and promoting p27/p21/p53, causing G 1 arrest; (d) C10ORF97 repressed AP-1 activity and increased p27 accumulation in the nucleus by binding to JAB1; and (e) SNP216 (rs2297882) in the C10ORF97 Kozak sequence was associated with susceptibility to lung cancer, and affected C10ORF97 translation and C10ORF97 expression levels in the tumor tissues of NSCLC patients.
In an earlier study, we found that the C10ORF97 gene was expressed in almost all tissues and cell lines tested, although its expression varied markedly (Liu et al., 2002) . This ubiquitous expression of C10ORF97 suggested that it may have an important role in the regulation of cell progression. In this study, we found significantly decreased expression of C10ORF97 in lung cancer tissues compared with normal tissues. Our results suggested that decreased expression of C10ORF97 might be associated with tumorigenesis or be important for tumor progression and maintenance, and that the C10ORF97 protein might have a role in growth inhibition or differentiation in normal tissues. The mechanism behind the decrease in C10ORF97 expression observed in cancer tissues remains unknown, but may reflect both genetic and epigenetic events, and needs further exploration.
To validate our hypothesis that the C10ORF97 gene functions as a growth suppressor, a recombinant C10ORF97 adenovirus (Ad-C10ORF97) was constructed and we showed that Ad-C10ORF97 leads to inhibited tumor cell growth and tumorigenicity both in vitro and in vivo. The growth rate of tumor cell lines was significantly suppressed and the number of soft agar colonies dramatically decreased after infection with Ad-C10ORF97. The reduced growth potential of Ad-C10ORF97-transfected A549 cells was also reflected by the elimination of tumorigenicity. The intra-tumoral injection of high-titer Ad-C10ORF97 also resulted in markedly suppressed A549-induced tumor growth. Taken together, these findings strongly supported the hypothesis that the C10ORF97 gene functions as a growth suppressor.
Through cell-cycle analysis we found that Ad-C10ORF97 caused G 1 cell-cycle arrest, indicating that C10ORF97 induced a blockage in cell-cycle progression from G 1 to S phase. Previous studies have shown that cyclins, CDKs and CDKIs are key regulators of eukaryotic cell-cycle progression (Sherr, 2000; Kastan and Bartek, 2004; Massague, 2004) . Different cyclin-CDK complexes are positive regulators involved in different cell-cycle transitions, and the activities of CDK complexes are negatively regulated by CDKIs. Negative regulation of cell growth is often lost in malignant cells, whose cell growth proceeds unchecked, eventually leading to the development of a tumor. p27, belonging to the CIP/KIP family of CDKIs, fulfills an essential role in the control of cell proliferation by directly controlling the G 1 /S transition. Absence of or reduced expression of p27 has been observed in many human cancers, including breast, lung, prostate, colon, Table 3 The SNP (rs2297882) in the C10ORF97 Kozak sequence was associated with NSCLC
Groups
Risk allele Abbreviations: C10ORF97, chromosome-10, open reading frame-97; CI, confidence interval; HWE, Hardy-Weinberg equilibrium; NSCLC, nonsmall-cell lung cancer; OR, odds ratio; SNP, single-nucleotide polymorphism.
Crude ORs (95% CI) were determined by the w 2 -test, cases versus controls. Adjusted ORs (95% CI) and adjusted P-values were obtained by multivariate unconditional logistic regression analysis, adjusting for age, sex and tobacco smoking. Genotype (CC/TC/TT) analyses were conducted for the dominant model (TC þ TT compared with CC), additive model 1 (TC compared with CC), additive model 2 (TT compared with CC) and the recessive model (TT compared with TC þ CC).
C10ORF97, a novel tumor-suppressor gene Y Shi et al skin and ovarian cancers (Lloyd et al., 1999; Blain et al., 2003; Masciullo et al., 2003) . We found a significant reduction in the expression of cyclin-E and CDK2, and a remarkable increase in the protein level of p27, p21 and p53 after Ad-C10ORF97 transfection. These results indicated that the increased p27/p21/p53 expression levels may be responsible for the decreased expression of cyclin-E and CDK2, which potentially induced G 1 arrest and blockage of the G 1 /S transition. AP-1 is a central component of many signal transduction pathways in a variety of cell types and is critical for cell proliferation, differentiation, apoptosis and oncogene-induced transformation (Shaulian and Karin, 2002) . JAB1 was initially identified as a coactivator of AP-1 (Claret et al., 1996) . Recent studies have shown that JAB1 interacts with a variety of proteins and controls their functions, having roles in diverse cell signaling pathways, including regulation of gene transcription and cell-cycle progression by phosphorylation and degradation of target proteins (Chamovitz and Segal, 2001) . JAB1 was also identified as a direct negative regulator of p27 that operates by transferring p27 from the nucleus to the cytoplasm to accelerate its degradation (Tomoda et al., 1999 (Tomoda et al., , 2002 . In this study, we showed that C10ORF97 physically interacted with JAB1, as shown by a yeast two-hybrid system, co-immunoprecipitation and immunofluorescence colocation assay. Through this interaction, C10ORF97 inhibited JAB1-mediated AP-1 activation in a dose-dependent manner, and blocked the JAB1-mediated translation of p27. These findings might, at least in part, explain how C10ORF97 increases the expression level of p27. Recently, elevated JAB1 expression was reported in human pituitary tumors, epithelial ovarian cancer, breast cancer and some types of lymphoma (Sui et al., 2001; Korbonits et al., 2002; Kouvaraki et al., 2003; Rassidakis et al., 2003) . In these cases, the JAB1 levels were inversely associated with the p27 levels and positively correlated with disease progression. Thus, JAB1 levels are thought to be a novel indicator of aggressiveness and high-grade tumor behavior, implying that control of JAB1 could be a novel target for the development of new cancer therapies. Based on this, we speculated that C10ORF97, directly interacting with JAB1, could modulate the progression of tumors showing high-level JAB1 expression.
C10ORF97 was previously described as a nuclear protein in 293 cells (Liu et al., 2002) . In the present study, we found that C10ORF97 was localized both in the cytoplasm and the nucleus in NSCLC tissues and cell lines. Similar phenomena are observed with several tumor suppressors. For example, breast cancer metastasis suppressor-1 localization was predominantly nuclear, but 60-70% of cancers also showed cytoplasmic immunostaining, and 11% of cancers showed lower nuclear than cytoplasmic breast cancer metastasis suppressor-1 expression (Frolova et al., 2009) . As C10ORF97 increased p27 accumulation in the nucleus by physical interaction with JAB1, we speculated that localization of C10ORF97 in the cytoplasm may attenuate the transfer of p27 to the nucleus by interfering with the physical interaction between C10ORF97 and JAB1, because JAB1 was mainly localized in the nucleus, thereby promoting cell proliferation, the characteristic feature of cancer cells.
In the present study, SNP216C4T (rs2297882) was shown to cause a decrease in C10ORF97 translation. More importantly, genotype-phenotype analysis indicated that the SNP216 TT genotype, which led to lower expression of C10ORF97, was associated with an increased risk of developing lung cancer in the Chinese population. This genotype-phenotype correlation might be explained by the tumor-suppressive function of C10ORF97. Despite the relatively small sample size, these results showed significantly increased odds ratios with small P-values, and were therefore unlikely to be attributable to selection bias or unknown confounding factors.
In summary, our study indicated that C10ORF97 functions as a tumor suppressor by modulating several key G 1 /S-regulatory proteins by interacting with JAB1, and suggested the potential application of Ad-C10ORF97 in human cancer gene therapy. In addition, decreased levels of C10ORF97 might be a new target for the early detection of lung cancer.
Materials and methods
Materials
The antibodies against CDK2, cyclin-E, p27, p21, p53, b-actin, myc, HA, Flag and JAB1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA) or Sigma (St Louis, MO, USA). Nu/nu mice (BALB/c, 4-to 6-week-old females) were purchased from the Laboratory Animal Center, Chinese Academy of Medical Sciences (Beijing, China). The human tissue collection protocol was approved by the Fuwai Hospital Ethics Committee. Informed written consent was obtained from patients themselves or their legal representatives. Animal experiments conformed to the guiding principles of Chinese National Law for Animal Use in Medical Research and were approved by the Fuwai Hospital Committee for Animal Care and Use.
Cell lines
The human lung cancer A549 cell lines and the 293 cell line were obtained from the Institute of Cell Biology, Academic Sinica (Beijing, China). Human lung cancer A549 cell lines were cultured at 37 1C and 5% CO 2 in F12 medium (Gibco BRL, Gaithersburg, MD, USA) containing 10% fetal bovine serum (HyClone, Logan, UT, USA). The 293 cell line was used in the construction, amplification and titration of adenoviral vectors, and was maintained in Dulbecco's modified Eagle's medium (Gibco BRL) containing 10% fetal bovine serum.
Cancer profiling array analysis
The Cancer Profiling Array-I was purchased from Clontech (cat. no. 7481-1) and hybridized according to the manufacturer's protocol.
Production and purification of the C10ORF97 monoclonal antibody Production and purification of the C10ORF97 monoclonal antibody are described in the Supplementary material. 
Tissue microarray analysis
The Human Tissue Microarray of NSCLC tissue was obtained from Cybrdi (Xi'an, Shanxi, China). The array contained 630 spots in total, 420 of which represented diseased tissue from one individual specimen that was selected and pathologically confirmed, and the remaining spots represented normal lung tissues. The arrays were fixed with formalin, embedded in paraffin and immunostained with a mouse monoclonal anti-C10ORF97 antibody (1:900 dilution) using the avidin-biotin peroxidase complex method. The intensity of C10ORF97 staining was scored on a gray scale as low (1 þ ), moderate (2 þ ) or high (3 þ ).
Recombinant adenovirus production, stable transfection, stealth siRNA treatment, real-time RT-PCR, cell proliferation assay, cell migration assay, cell adhesion assay and soft agar colonyforming assay The above methods are described in the Supplementary material.
In vivo studies Nu/nu mice (BALB/c, 4-to 6-week-old females) were obtained from CAMS (the Chinese Academy of Medical Sciences) and seven mice were used for each treatment. A549 cells were preinfected with Ad-C10ORF97 or Ad-GFP at an MOI of 50, or with PBS alone for 48 h. The treated cells (5 Â 10 6 cells per mouse) were subcutaneously injected into the right flank of the nude mice. Tumor dimensions were measured every 2-3 days using a linear caliper. The tumor volume was calculated using the equation V ¼ a Â b 2 /2, where a is the largest dimension and b is the perpendicular diameter.
To further investigate the tumor-suppressive effect of C10ORF97, mice were first subcutaneously injected with A549 cells (5 Â 10 6 cells per mouse), leading to tumor formation. Once tumors had grown to 5-10 mm in diameter (at about 10 days after injection), the mice received intratumoral injections of Ad-C10ORF97, Ad-GFP or PBS four times, on days 1, 3, 5 and 7, at a total dose of 3 Â 10 10 plaqueforming units (p.f.u.) per tumor. The tumor volume was measured and calculated as described above.
Cell-cycle analysis, microarray analysis, western blot analysis, plasmids for the yeast two-hybrid screening, yeast two-hybrid screening, co-transfection of A549 cells, co-immunoprecipitation analysis, immunofluorescence microscopy, immunofluorescence colocation, transient transfection of the reporter gene and plasmids for in vitro transcription/translation assay The above methods are described in the Supplementary material.
In vitro transcription/translation assay The efficiency of C10ORF97 protein synthesis was assessed using the TNT quick-coupled transcription/translation system (Promega Corp., Madison, WI, USA). The two forms of the C10ORF97 cDNA carrying either the C (pCMV6-XL5-C) or T (pCMV6-XL5-T) allele were used as templates, for which transcription was driven from the T7 promoter. Reactions were performed and the translation products were detected using Transcend non-radioactive translation detection systems (Promega Corp.) according to the manufacturer's instructions.
Study subjects
We randomly selected 418 Chinese NSCLC patients with histologically confirmed NSCLC between 2004 and 2006 in the Beijing Cancer Hospital and 743 age-and sex-matched controls. The age and gender distribution of the two groups was similar in both the case (mean±s.d. age: 58.1±10.9 years; 70.8% male) and the control groups (mean±s.d. age: 61.6 ± 9.3 years; 69.4% male). All subjects were of Han ethnicity and all patients and controls provided written informed consent for the genetic studies, which were approved by the ethical committee of Beijing Cancer Hospital, China.
Selection and genotyping of rs2297882 SNP216C4T (rs2297882) was selected based on its relevance to gene expression, being located in the Kozak sequence of the 5 0 -untranslated region of the C10ORF97 gene. Genomic DNA was isolated from peripheral blood using the RelaxGene Blood DNA System (TianGen, Beijing, China) according to the manufacturer's protocol. Variant rs2297882 was genotyped by a ligase detection reaction by the Shanghai Biowing Applied Biotechnology Co. Ltd (Shanghai, China). The details of this reaction are provided in the Supplementary material.
Statistical analysis
Both in vitro and in vivo results were expressed as the mean ± s.d. or the mean ± s.e. The Student's two-sided t-test was used to compare the values of the test and the control samples. A w 2 -test was used in testing categorical variables, the Hardy-Weinberg equilibrium of a polymorphism and allele frequencies. The association between C10ORF97 polymorphism and the risk of NSCLC was calculated by multivariate logistic regression adjusted by age, sex and smoking status. The relationship between the rs2297882 genotype and C10ORF97 expression was analyzed by the Mann-Whitney U-test. All statistical analyses were performed using the SPSS 13.0 software and a value of Po0.05 was considered significant.
